By integrating chemical reactions on a large-scale integration (LSI) chip, new types of device can be created. For biomedical applications, monolithically integrated sensor arrays for potentiometric, amperometric and impedimetric sensing of biomolecules have been developed. The potentiometric sensor array detects pH and redox reaction as a statistical distribution of fluctuations in time and space. For the amperometric sensor array, a microelectrode structure for measuring multiple currents at high speed has been proposed. The impedimetric sensor array is designed to measure impedance up to 10 MHz. The multimodal sensor array will enable synthetic analysis and make it possible to standardize biosensor chips. Another approach is to create new functional devices by integrating molecular systems with LSI chips, for example image sensors that incorporate biological materials with a sensor array. The quantum yield of the photoelectric conversion of photosynthesis is 100%, which is extremely difficult to achieve by artificial means. In a recently developed process, a molecular wire is plugged directly into a biological photosynthetic system to efficiently conduct electrons to a gold electrode. A single photon can be detected at room temperature using such a system combined with a molecular single-electron transistor.
Introduction
Advances in semiconductor technology have enabled the integration of more than one billion transistors on a chip, 2014 The Author(s) Published by the Royal Society. All rights reserved.
Multimodal electrochemical sensor arrays
In view of the growing concern about such issues as food security, healthcare, evidence-based care, infectious disease and tailor-made medicine, a portable gene-based point-of-care testing (POCT) system is needed. For a system that anyone can operate anywhere and obtain immediate results, a new biosensor chip must be developed. Electrical detection using complementary metal oxide semiconductor (CMOS) integrated circuits has great potential, as it eliminates the labelling process, achieves high accuracy and real-time detection and offers the important advantages of low-cost, compact equipment.
Our target is a monolithically integrated sensor array that detects all possible biomolecular interactions simultaneously. In each sensor cell, different kinds of probes can be formed for parallel detection. In addition, the same kind of probe can be used to observe the time evolution of the spatial distribution of biomolecular interactions as well as to improve the detection accuracy, as biomolecular interactions are a stochastic process. We have developed multimodal electrochemical sensor arrays based on the detection of electric potential, current and impedance.
One of the design principles of our sensor array is that the structure must be compatible with standard CMOS integrated circuits. We use the 6 in 0.6 µm two-polysilicon three-metal mixed signal CMOS process of the Taiwan Semiconductor Manufacturing Company. Post-CMOS processes to form Au extended-gate electrodes, a positive light-sensitive polyimide protection layer and SU-8 (an epoxy-based negative resist) microfluidics are added as shown in figure 1 . Another of our design principles is that the cell circuits do not influence the sensed system. For this purpose, cell circuits are designed to copy sensing signals and the copied signals are handled by the peripheral circuit.
(a) Potentiometric sensor array
The detection of electric potential change based on a field-effect transistor (FET) [1] has shown excellent sensitivity, for example for ion concentration [2, 3] and specific DNA sequences including single-nucleotide polymorphisms (SNPs) [4] . There are two detection principles.
One principle is the detection of electronic charge around an electrode with no electron transfer to the electrode. We call this method 'direct charge detection'. by Poisson's equation. First, a probe layer is formed on an FET. Then, target molecules are supplied. Specific molecules are selectively taken into the probe layer on the FET channel, which detects the molecular charge in the probe layer. In the case of DNA detection, the probe is (single-stranded) ssDNA with a known sequence, immobilized on the substrate. When the target ssDNA is supplied, specific hybridization occurs if the target DNA is complementary to the probe DNA. Occurrence or non-occurrence of specific hybridization can be detected by the difference in charge, as a nucleotide has a negative charge on the phosphate group. The other principle is the detection of chemical equilibrium potential, i.e. redox potential, accomplished by electron exchange between the electrolyte/molecule and the electrode. A ferrocenyl-alkanethiol-immobilized gold electrode is used to detect an enzyme reaction through a redox reaction. In this case, the gate potential is determined by the Nernst equation.
Extended-gate electrodes are employed to be compatible with standard CMOS structures. We have designed a CMOS source-drain follower as shown in figure 2 [5] . The sensor transistor N detects the extended-gate electrode voltage V in . This circuit works as a voltage follower (V out = V in ) with high input and low output impedances. A benefit of the voltage follower is that the output voltage is independent of device parameters, for example threshold voltage, and environmental conditions, for example temperature. This circuit also works as a source-drain follower for the sensor transistor N.
Many different biosensors have been developed based on pH sensors, as various biomolecular interactions produce protons [3] . Rothberg et al. demonstrated a genome-sequencing chip that contains 13 million pH sensors on a 17.5 × 17.5 mm 2 die [6] .
The cumulative probability of pH sensitivity of 16 × 16 sensor cells with a 100 nm catalytic chemical vapour deposition (cat-CVD) silicon nitride layer is plotted in figure 3 . Cat-CVD is a low-temperature (350 • C) process and the deposited silicon nitride is of high quality, similar to that obtained by low-pressure CVD. The median pH sensitivity is −41 mV pH −1 , which is lower than the theoretical value of −57 mV pH −1 . The reason for this lower value may be explained by the oxygen-rich layer on the Si 3 N 4 surface [7] .
The direct charge detection method using FET has a number of serious problems. First, the molecular charge is screened by ions in solution. Screening length is around 3 nm in the case of an ion concentration of 10 mM. This can be extended if a low ion concentration is used; however, in this case, a very high-impedance environment is produced, and the electric potential becomes unstable. Second, the charge distribution is influenced by the shape of the molecule. It is generally understood that ssDNA takes a Gaussian shape, and (double-stranded) dsDNA takes a rod-like shape. It is unclear whether it is a change in charge or change in structure that is detected. Especially in a flow system, the molecular shape fluctuates, which leads to an unstable electric potential. Third, the electrode enters a floating state. Although UV irradiation reduces the threshold voltage variation [8] , embedded charge causes a large threshold voltage variation. Instead of using the direct charge detection method, a redox potential detection method was developed using a ferrocenyl-alkanethiol-modified gold electrode [9, 10] . This redox potential sensor detects the ratio of reducer to oxidizer concentration, as shown in figure 4 , and is not affected by the absolute concentration and pH.
We fabricated a chip that integrates 32 × 32 redox potential sensors [11] . The sensor chip was dipped in 500 µM 11-ferrocenyl-1-undecanethiol (11-FUT) in ethanol for 24 h. Hexacyanoferrate mixture totalling 10 mM was used for the oxidizer and reducer. Six orders of concentration ratio of reducer and oxidizer were detected by this sensor array, as shown in figure 4b. The sensitivity was 57.9 mV/decade, which is very close to the theoretical value of 59 mV/decade at 25 • C. Stability, i.e. long-term drift and fluctuation, of electric potential was examined using a bare electrode and an 11-FUT-modified electrode, and 10 mM phosphate-buffered saline (PBS) solution (pH 7.4) and redox PBS solution in which the 10 mM hexacyanoferrate was added to the 10 mM PBS solution. By using redox PBS solution, the drift of electric potential was reduced by nearly one order of magnitude. Furthermore, 11-FUT modification reduced the drift to nearly one-fourth. This experiment showed that the drift could be drastically reduced to less than 0.5 mV h −1 by the redox potential detection method compared with 30 mV h −1 in the direct charge detection method.
This redox potential sensor array successfully detected the glucose level with an accuracy of 0.2 mg dl −1 , using the following enzyme-catalysed redox reaction:
where HK is hexokinase and G6PDH is glucose-6-phosphate dehydrogenase. The limit of detection of glucose was 1 µM. Continuous sample measurement was performed using a flow measurement system with a flow speed of 1 µl s −1 , as shown in figure 5 . We used two types of solution: PBS solution (pH 7.4) and glucose sample solution (glucose, 9.9 mM potassium ferricyanide, 0.1 mM potassium ferrocyanide, 0.6 mM NAD, 2 mM ATP, 10 mM MgCl 2 ). PBS solution was used to wash out the It is important to confirm that the detected signal is glucose-specific and not caused by other factors. Figure 7a shows the detection signals when 2.5 mg dl −1 glucose, galactose and maltose samples are supplied, showing no sensitivity to galactose and maltose, which are usually contained in human blood and cause interference in conventional glucose sensors based on the glucose oxidase (GOD) or pyrroloquinoline quinone glucose dehydrogenase (PQQGDH) method. Although the absolute value of gate potential changed at NaCl concentration higher than 1 mM, the sensitivity to the concentration ratio of oxidizer and reducer is not affected. Figure 7c shows pH dependence. The pH sensitivity of 11-FUT-modified FET is as small as −0.7 mV pH −1 , compared with −49 mV pH −1 of FET with the cat-CVD silicon nitride layer.
(b) Amperometric sensor array
Amperometric imaging offers great potential for multipoint rapid detection and the analysis of diffusion processes of target molecules. The microelectrode is one of the most versatile and powerful tools in amperometry. Although the current passing through a microelectrode is very small, it has the advantages of high mass transport density, small double-layer capacitance and small ohmic drop. Moreover, a microelectrode has a steady-state current response in unstirred solutions; such steady-state currents are easy to analyse and interpret. However, as it takes a few or tens of seconds before reaching a steady state, rapid multipoint measurement cannot be achieved with a simple switching scheme. Furthermore, when the inter-electrode distance is not sufficiently large, the diffusion layers begin to overlap and eventually merge to form a single planar diffusion layer. This overlapping of diffusion layers is commonly referred to as 'crosstalk' or the 'shielding' effect. When crosstalk occurs, the microelectrode array loses its unique features and becomes similar to a large-area 'macro' electrode, which makes local and quantitative analysis extremely difficult. We proposed a microelectrode structure to suppress diffusion layer expansion over the microelectrode array [12] . Figure 8 shows the designed amperometric sensor circuit. Multiple electrodes placed in an array are connected with one peripheral read-out circuit through each amperometric sensor unit cell consisting of a differential amplifier, current buffer and switches. The differential amplifier fixes the Au electrode voltage to ground level through NMOS source follower N and PMOS source follower P. The output of the current buffer is connected to two switches. V out being measured is connected to the read-out circuit via switch WO, and on stand-by, V out is fixed to ground level via switch WG. When the reading electrode is switched, one of the two switches is kept closed. Thus, output and bit-line voltages are always maintained at ground level, reducing the charging and discharging of parasitic capacitors and realizing ultrafast read-out from each electrode.
Our working electrode (WE) structure shown in figure 9b is surrounded by a grid auxiliary electrode (AE), and the redox reaction opposite to the WE occurs in the AE. Therefore, the diffusion layer is confined around the WE, and the overlap is decreased. The steady-state current is amplified by redox cycling, and the time to reach the steady state is reduced.
A 16 × 16 amperometric sensor array was fabricated. Ag/AgCl and Pt wire were used as reference and counter electrodes, respectively. The solution was composed of 100 mM sodium sulfate and 1 mM potassium ferrocyanide. WE and AE potentials were fixed at 0.65 and 0 V (versus Ag/AgCl), respectively. Figure 10 
(c) Impedimetric sensor array
We have designed an on-chip impedimetric sensor unit, which measures the impedance at frequencies up to 10 MHz. The sensor unit and peripheral circuitry are shown in figure 11 . To eliminate the effect of turn-on resistance of switch and bit-line capacitance, a high-speed current buffer is included in each sensor unit. In the peripheral circuit, a current duplicator/amplifier, mixers and low-pass filters (LPFs) convert AC current to the real part (Re Y) and imaginary part (Im Y) of the admittance [13] . An external sine wave generator supplies AC voltage to the reference electrode and reference signal to the peripheral circuit. The reference signal is shaped to a rectangular pulse signal and the phase is shifted 90 • by a phase shifter [14] . One of the applications of the impedimetric sensor array is the direct counting of viruses and bacteria [15] . A specific virus or bacterium is captured by antibodies formed on an electrode, which can be detected as an impedance change at around 1 MHz, simply because it covers part of the electrode.
(d) Multimodal sensor array
In LSI fabrication, the initial cost of making a set of photomasks is high, but the chip cost becomes very low when a large number of chips are produced. In 0.13 µm technology, the typical cost of a set of photomasks is around $600 000, whereas the cost of 1 cm 2 chip excluding photomasks is around $10. More than 60 000 chips are necessary to offset the initial cost, which means that standardization and general-purpose sensor chips are important. Our strategy is to realize a multimodal sensor array for synthetic analysis and standardization. The chip consists of amperometric, potentiometric and impedimetric smart cells containing a high-density, lowpower amplifier, achieving noise reduction and not influencing the sensed system. The chip can be customized by patterning the polyimide layer to cover the unused sensor cells.
A 16 × 16 multimodal array with 0.24 mm pitch was fabricated using a 0.6 µm CMOS process as shown in figure 12 . One block consists of potentiometric, amperometric and impedimetric sensors. The size of each sensor unit is 60 × 60 µm. Such a multimodal sensor array will enable synthetic analysis, for example simultaneous detection of glycohaemoglobin (HbA1c) and glucose for the diagnosis of metabolic disease.
Molecular image sensor
Photosensors are widely used in both everyday-life products and advanced technologies. Although inorganic materials are used in the photosensors of conventional electronic devices, their performance is not satisfactory with regard to energy efficiency, for example quantum yield [16] .
The quantum yield of the photoelectric conversion of photosynthesis, which is a chemical process occurring in plants, algae and cyanobacteria, is 100% [17] , which is extremely difficult to achieve by artificial means. In addition, thermal energy is greatly suppressed and the biological molecules are cheap and have a low environmental load, and so material production and postprocessing are easy. By incorporating living body materials and an integrated circuit, a completely new type of high-density photosensor with high sensitivity can be realized, which is not possible using semiconductor technology alone. A single photon can be detected at room temperature using such a system combined with a molecular single-electron transistor.
(a) Photosystem I photosensor
This section describes photodetection using a potentiometric sensor array and a photosynthesis protein complex, photosystem I, PSI (a photoreceptor macromolecule).
The PSI in chloroplast is extracted from Thermosynechococcus elongatus, the diameter of which is approximately 10 nm. The PSI includes reaction centre chlorophyll a (P700), chlorophyll a (A0), phylloquinone (A1) and Fe-S clusters F X , F A and F B , which transmit electrons. Isolation and refinement of PSI were performed as reported [18] . Figure 13 shows PSI modification of the extended-gate electrode of a transistor. A self-assembled monolayer (SAM) of 3-mercapto-1-propanesulfonic acid sodium salt (MPS) covers the Au electrode. The SAM has a negative electric charge, and the ferredoxin around the Fe-S clusters of the PSI has a positive electric charge. As a result, the PSI is electrostatically fixed on the electrode. According to preliminary investigations involving quartz crystal microbalance (QCM) measurements using gold resonators, the adsorbed quantity was estimated to be 4.34 × 10 −10 mol cm −2 for MPS, and 7.7 × 10 −13 mol cm −2 for PSI.
In measuring the photoresponse, sodium L-ascorbate (NaAs) and 2,6-dichloroindophenol (DCIP) are used as electrolyte for transporting electrons. DCIP becomes a reducer carrying electrons to P700 in PSI when it is reduced by NaAs. Under light irradiation, electrons on P700 are excited to higher energy levels (energy gap is 1.77 eV corresponding to a wavelength of 700 nm). The excited electrons are transferred along the electron transport chain and finally trapped at the electrode by tunnelling through the SAM film. In this manner, PSI acts as a pump to supply electrons to the electrode, and the electric potential change in the gate electrode is detected by the potentiometric sensor.
The silicon nitride formed by standard CMOS process as the top layer can easily trap electronic charges in the solution, causing electric potential drift of around 1 mV by light. To reduce the lightinduced drift, a protective film that does not trap electrons should be used as a covering. For the protective film, SU-8 was adopted and the light-induced drift was reduced to less than 0.1 mV.
The photoresponse of the CMOS source-drain follower itself was measured using light irradiation produced by RGB light-emitting diodes (red, 2.4 mW cm −2 ; green, 1.11 mW cm −2 ; blue, 3.28 mW cm −2 ) inside a shielding box. Light irradiation induces photocurrent in the circuit. When the current I s (figure 2) is small, the effect is particularly marked, and so the photoresponse, defined by V out = −V out (light ON) + V out (light OFF), becomes large. For conditions in which the effect of the photocurrent in the circuit could be ignored, current I s of 0.5 µA was chosen in the following PSI photosensor measurement, where photoresponse V out is less than 0.4 mV [19] .
The chip is dipped in 10 mM MPS solution for 2 h. After washing in deionized water and 2-morpholinoethanesulfonic acid (MES) buffer ( figure 13 . Next, 20 mM MES-NaOH buffer (pH = 6.4), 100 mM NaClO 4 , 250 mM NaAs and 25 mM DCIP are placed in the bath. The chip is set on an XYZθ stage in a shielding box. To drive the circuits, DC voltage is supplied to the chip by a semiconductor parameter analyser. A halogen lamp is used as a light source, and the wavelength is selected by a monochromator. An optical fibre guides the light into the shielding box, and light having a diameter of 70 µm is focused on the chip from the upper part of the XYZθ stage. The electrical signal caused by irradiation is read by a multimeter. V ref = 0 V is applied to the reference electrode, and the output voltage of the CMOS source-drain follower is measured.
While the electrons from the PSI are trapped in the electrode, O 2 in the solution near the electrode extracts the electrons. The electric potential is determined by the balance between the input and output of electric charge. Figure 14a shows the photoresponse V out as a function of light intensity. The photoresponse of PSI saturates at 30 µW cm −2 . Increasing the intensity increases the number of electrons activated by PSI, which changes the output voltage in the negative direction. The limit for transferring electrons to P700 from DCIP [20] is reached when the intensity is increased and the output voltage is saturated. Figure 14b shows the PSI action spectrum of the PSI photosensor. The wavelength was changed at 20 nm intervals from 600 to 700 nm while turning the light on and off every 90 s. The change in output voltage per 1 µW cm −2 change in intensity is shown. At a wavelength of 680 nm, there is a change of approximately 0.18 mV per 1 µW cm −2 . The wavelength dependence fits well with the absorption spectrum of PSI.
To apply the photosensor as an image sensor, a 4 × 4 sensor array was measured [21] . The light without a monochromator was patterned by a metal slit, as shown in figure 14d. To reduce the drift effect, the output voltage of each cell was reduced by subtracting the value of the corresponding reference cell. Figure 14e shows In this experiment, native PSI was used. In a recently developed process, a molecular wire is plugged directly into a biological photosynthetic system to efficiently conduct electrons to a gold electrode ( figure 13 ). High sensitivity and fast response are expected using PSI reconstructed by the molecular wire [18, 22] .
One of the applications of the PSI photosensor is an SNP typing system by bioluminometric assay, which can detect target DNA as small as 10 fM [23] . Such a PSI system could become commercially available within 3 years. If a single photon is detected, the target DNA can be counted one by one.
(b) Molecular single-electron transistor
As the quantum yield of the photoelectric conversion of photosynthesis is 100%, a single photon could be detected using the proposed system combined with a single-electron transistor.
One promising candidate is coordination programming of a metal complex system. Supermolecular structures in a nanomesoscopic region can be constructed by the conjunction and combination of a metal atom and organic material. Metal complexes show multi-stable electron states, such as M 2+ , M 3+ , etc., which means that electric conduction occurs and electrons are localized on a metal atom, within a 1 nm region.
We have studied the characteristics of the electronic conduction through supermolecular structures between metal electrodes [24, 25] . A schematic of our measurement is shown in figure 15 . A self-assembled multilayer of Ru complexes was immobilized onto a patterned indium tin oxide (ITO) electrode on SiO 2 . Then, an Au electrode was formed by the lift-off process. The number of layers, n, ranged from 1 to 6. The measurements were performed in air at room temperature. Nonlinear current-voltage characteristics were observed, with two current components, one exponentially proportional to n and the other linearly proportional to n. The former was temperature independent, whereas the latter showed strong temperature dependence with activation energy. The possible conduction mechanisms are super-exchange and trap-limited space-charge-limited current. These current components are essentially equivalent to macroscopic quantum tunnelling (cotunnelling) and orthodox theory familiar in single-electron devices. This result suggests that coordination programming may provide a general framework for molecular single-electron devices.
Conclusion
The chemistry integrated circuit has great potential for the next generation of LSI. two different areas will pave the way for new applications, such as biomedical devices and room-temperature quantum electron devices.
